Recently, magnetic nanocomposites (MNC) have aroused significant scientific and technological interests because their properties strongly rely on the interplay between those of the constituent components. Here, using three types of cobalt-based MNCs, we demonstrate how their physical behaviour, including thermal, electrical and magnetic, can be strongly affected by such interplays. First, using Au core -Co shell nanoparticles (NPs), we demonstrate that their thermal stabilities are critically dependent on various boundaries and they structurally transform from the core-shells to the peanut structures via several intermediate states by a series of energy minimizations including the grain boundaries, Co/Au interface and strain. Second, the microstructures of the MNC are co-determined by the properties of the individual components, which in turn will strongly affect their overall properties. We illustrate this by a careful study of the electron transport in cobalt/poly (3-hexylthiophene, 2, 5-diyl) (P3HT) hybrid thin films, and show that they satisfy a fluctuation-induced tunnelling model that is strongly depended on their microstructures; moreover, a magnetoresistance in these thin films was also observed. Finally, the magnetic properties and phase stability of MNCs can also be strongly altered as a result of this interplay. Three phase transformations are observed in cobalt ferrofluids for T ∼ 10-300 K, namely second order magnetic phase transformations (blocked-unblocked transition) at the blocking temperature of the magnetic NP, first order magnetic and structural phase transformations at the solvent melting temperature, T M , and second order premelting transformation at T PM < T < T M . These transformations show specific magnetic signatures in field-cool and zero-field-cool magnetization measurements and are qualitatively in agreement with predictions using M-spectrum theory.
Introduction
Nanocomposites (NCs), defined as materials comprised of several distinct components with at least one component having characteristic dimensions at the nanometre scale, have attracted increasing interest in the last two decades 1 Current address: Physics Department, Carnegie Mellon University, Pittsburgh, PA 15213, USA due to their significant potential in practical applications as well as in fundamental research [1] [2] [3] [4] . In general, nanosized objects dispersed in a bulk matrix can be broadly classified into three categories based on the dimensions of the nanosized components and the matrix; examples include, 0D nanoparticles (NPs) dispersed in a bulk matrix (a combination of zero-dimensional NPs and threedimensional matrix, or 0-3 NC, in short, hereafter) [5] ; 1D nanorods/nanowires/nanowhiskers in a bulk matrix (1-3 NC) Figure 1 . Schematic multiple and single magnetic domain structures for bulk and NPs in (a) and (b), respectively; each arrow represents the magnetic moment of an atom. Critical size of single domain and superparamagnetism of several materials in (c); (d) shows the coercivity of magnetic NPs and the corresponding hysteresis loops as a function of size in (e); closed hysteresis loop of superparamagnetic NPs at room temperature is shown in (f ); (g) shows the size sensitive room temperature M(H ) curves (simulated) in steps of 1 nm; (h) and (i) show the zero field cooling/field cooling (ZFC/FC) curve of magnetic cobalt NPs with a mean size ∼5 nm and 8 nm, respectively, the temperature corresponding to the peak of the ZFC curve is defined as blocking temperature (T B ). [6] , and 2D nanosheets in a bulk matrix (2-3 NC) [7] [8] [9] . In addition to the bulk matrix, nanosized objects can be directly integrated with other nanosized components. For example, gold NP decorated zinc oxide nanowires, a 0-1 NC, show enhanced gas sensitivity to carbon monoxide at room temperature [10] . By controlling the radial and axial growth, epitaxial semiconductor core-shell nanowire heterostructures, a 1-1 NC, have also been successfully fabricated [11] . Most recently, a new category of NCs, namely 0-0 NC, has attracted much interest. These 0-0 NCs include core-shell [12] [13] [14] and dumbbell [15] morphologies. Overall, NCs can be engineered to have a variety of unique properties. By controlling the chemical composition, physical properties and morphology of the chosen components, it is possible to tune the physical properties of NCs across a wide spectrum, from mechanical [16, 17] , optical [18, 19] , thermal [20] , to electrical [21] , chemical [22] and magnetic properties. This broad spectrum of unique physical and chemical properties lends NCs to various applications from radiation sensors [23] to biomedicines [24] .
Magnetic nanocomposites (MNCs), a typical combination of magnetic nanoparticles (MNPs) and another component, exhibit a wide range of novel properties associated with MNPs. First, MNPs can respond to an external magnetic field without physical contact, making them attractive for remote applications. Second, as the size of the MNPs shrinks from the bulk to the nanoscale, different magnetic properties, compared with their bulk counterparts, can be obtained. When particle size is smaller than a critical size, D crit , as in figure 1(c), multi-domain magnetic structures in the bulk (figure 1(a)) will become single domain ( figure 1(b) ). In the vicinity of D crit , the coercivity of MNPs is largest and will decrease as particle size decreases, until it reaches the superparamagnetic limit, D sp , as defined in figure 1(c) for various materials, below which the coercivity is zero for all sizes at room temperature [25] . Superparamagnetism [26] is a unique property of single domain MNPs, and is determined by size, temperature and measurement time. At room temperature, and 100 s measurement time, particle sizes smaller than D sp give closed magnetic hysteresis loop, as shown in figure 1(f ) . Finally, and more intriguing, the properties of MNPs are tunable as a function of particle size, particle size distribution and interparticle interactions [27] . Even though the hysteresis loops are all closed for superparamagnetic NPs, their shapes are also sensitive to the size of MNPs, as shown in figure 1(g), with larger particles being more easily saturated at lower field. Although, dictated by the distributions of NP sizes and anisotropies as well as interparticle interactions in fine particle system, the peak observed in the zero field cooling (ZFC) measurement is often taken to be proportional to the blocking temperature. The relationship between the peak and the blocking temperature is not always linear, for samples with a wide distribution of energy barriers. However, for our synthesis in organic solvents, where the size distribution is very narrow, the peak is a good estimate for the mean temperature of the blocking transition for ensembles of MNPs. The peak in the ZFC curve, hereafter denoted by T B , will also increase with particle size [28] and interparticle interaction [29] , as shown in figure 1(h) and (i). In addition to these striking magnetic properties inherent in MNPs, MNCs also possess other advantages. For instance, the second component of the MNCs can sometimes acts as an excellent dispersant of MNPs [30] making them very attractive for real applications [31] . In addition, any unique properties of the second component can be combined with that of the MNPs for bi/multi-functional applications as in the 'twoin-one' magnetic-fluorescent MNC [32] . Further, synergic combination of the MNPs and the second parent phase could also lead to novel and new properties [33] .
Morphologically, MNPs can combine with a second phase in several ways to make MNCs: MNPs can be dispersed in a solid matrix [34, 35] , in a liquid matrix [36, 37] , or combined with another nanoscale component [13, 15, 38] . Although some MNCs are fabricated by physical methods, for example cobalt or nickel NPs synthesized in a SiO 2 matrix by coevaporation [39] , MNCs can be easily fabricated by wet-chemical methods with distinct advantages, such as easyprocessability, low cost, controllable morphologies and size of MNPs. Significantly, synthesis in organic solvents produces a narrow size distribution of MNPs [40, 41, 167] , which is of tremendous advantage for MNPs with relaxation time that depends exponentially on volume. For wet-chemical synthesis of MNCs, there are three different strategies, namely separate step synthesis, sequential step synthesis and simultaneous synthesis. For the separate step synthesis, MNPs and other components are prepared separately, followed by a simple mixing of the individual components [43] . For the sequential step synthesis, one component of the MNCs is synthesized first, and the second component is directly synthesized in the presence of the first component. This strategy is often employed to fabricate core-shell [13, 14, 38, 44] or dumbbell shaped nanostructured [15] as well as MNPs-polymer MNCs [45, 46] . For the simultaneous synthesis, MNPs and other components are produced at the same time, often with the aid of each other. This strategy has been used to fabricate the Ag/Co immiscible NPs [47] .
Among the various ferromagnetic materials, cobalt MNP is a good choice for MNC applications. Cobalt MNPs with good magnetic properties can not only be easily synthesized by a well-established thermal decomposition method [40, 41, 167] , but they also lend themselves to a wide range of selfassembling possibilities [48, 49] . As an oxide counterpart to cobalt MNPs for MNC applications, ferrimagnetic magnetite MNPs with uniform and tunable size can also be synthesized in organic solvents and stabilized by coating of surfactants [50] [51] [52] . Compared with cobalt MNPs, magnetite MNPs are 'inert' in terms of chemical stability, nontoxicity and thermal stability. Firstly, magnetite MNPs can be stable in air and in water for extended periods of time [53] , while cobalt MNPs are 'active' in oxidizing environment, and can be easily oxidized to cobalt oxide NPs with the possibility to transform to hollow nanostructures by Kirkendall effects [54] . Secondly, magnetite MNPs are also non-toxic and thus desirable for applications in living bodies [24] , while cobalt MNPs are very toxic for such applications. Thirdly, morphologies of magnetite MNPs are relatively stable at elevated temperature due to very limited diffusivity of ionic materials. As a result of their 'inert' nature, magnetite MNPbased MNCs are good candidates for applications in the presence of oxidizing environment. Typically, they are often chosen as agents for in vivo and in vitro biomedical applications [24] , such as contrast agents for magnetic resonance imaging [55] (MRI), tracers for magnetic particle imaging [56] (MPI), drug delivery [57, 58] and hyperthermia [59] [60] [61] . Despite the fact that cobalt-based MNCs are unsuitable for in vivo applications, they excel in many aspects for inorganic applications due to their superior magnetic and electrical properties over magnetite MNPs. For example, cobalt MNPs with much higher magnetization can respond much more strongly to an external magnetic field gradient for remote applications. Further, much higher diffusivity of metallic cobalt atoms makes cobalt NP-based materials suitable for thermodynamic and kinetic investigations of atomic migration and associated morphological transformations at the scales of NPs. Finally, cobalt MNPs with better electrical conductivities make them a better choice for subtle magnetotransport investigations. Using cobalt MNPs as the basic constituent, we categorize and fabricate three distinct types of cobaltbased MNCs, as shown in figure 2 , namely Au core -Co shell NPs ( figure 2(a) ), cobalt/polymer hybrid MNCs (figure 2(b)) and cobalt ferrofluid (FF) (figure 2(c)). Since both the core and shell are metal, Au core -Co shell composite NPs are called 'hard' NCs. Alternatively, due to the flexibility of the matrix, Co/polymer hybrid film is called 'soft' NCs. Finally, cobalt NPs dispersed in a solvent exhibit both translational and/or rotational diffusion, and are thus called 'dynamic' NCs.
Even though MNCs have been studied recently, many fundamental and critical problems, including thermal, electrical and magnetic properties, still need further investigation. In fact, each type of cobalt-based MNCs, identified above, were designed to address an important and specific attribute of MNCs. First, for the hard Au coreCo shell NCs, even though the components, Au and Co, are immiscible according to the bulk phase diagram [62] , their stable MNC morphology depends on thermodynamic and kinetic factors.
Diffusion, interface and surface energies increasingly play an important role and the overall energy minimization can lead to surprising results in the equilibrium structure. Second, the dependence of the electrical resistance on external magnetic field has been observed in the ferromag/nonmag/ferromag multilayer structures [39, [63] [64] [65] [66] as well as in related granular systems, in which MNPs are dispersed in a nonmagnetic metallic or conducting matrix. Further, semiconducting polymers have been widely explored recently in the application of electronics devices due to various advantages [67] . Inspired by semiconducting polymer electronics device, the nonmagnetic inorganic matrix in a granular magnetoresistance (MR) system can be replaced by an organic semiconducting polymer such as poly (3-hexylthiophene, 2,5-diyl) or P3HT. Electron transport and MR in such soft cobalt/P3HT hybrid MNCs, in which cobalt MNPs are dispersed in a P3HT matrix, has been studied. Finally, in cobalt FFs, a dynamic NC, two phase transitions-a second order magnetic phase transformation [68] (blocked-tounblocked superparamagnetic transition) as well as a first order structural transformation (melting of the carrier solvent)-can be observed. The second order magnetic phase transformation at T B can be tuned by the size and size distribution of cobalt NPs, and their interparticle interactions. The first order structural transformation at the melting temperature of solvent (T M ) can be varied by choosing a different solvent. By choosing the size of the cobalt NPs and the solvent properly, it is possible to couple the second order magnetic and the first order structural phase transformations (T M ∼ T B ). Here, we first describe the fabrication of these three types of cobaltbased MNCs, followed by details of each designated problem. Finally, conclusions will be drawn and the outlook for future research work on MNCs will be presented.
Cobalt-based MNCs

Synthesis of cobalt NPs
Cobalt MNPs can be synthesized by the well-established thermal decomposition method in the presence of surfactants [40] . The cobalt MNPs synthesized by this method are always coated with surfactants with hydrophobic tails to protect them from agglomeration and oxidation in organic solvents, as shown in figure 3 (b). The bright field transmission electron microscopy (TEM) image of typical 9 nm spherical cobalt MNPs is shown in figure 3 (c). Such chemically synthesized cobalt NPs are metastable with a crystalline structure not observed in the bulk, namely the so-called ε-phase of cobalt [69]. This crystalline structure has cubic symmetry (space group P4 1 32) with a β-Mn unit-cell structure [69] , containing 20 cobalt atoms, and a large lattice parameter (a 0 = 6.097 Å) [69] . Further, the metastable crystal structure of ε-Co, unique only to the nanocrystals, transforms to hexagonal close packed (hcp) cobalt NPs at 300
• C and face centred cubic (fcc) cobalt at 500
• C, respectively [70] . In addition to spherical ε-Co NPs, hcp cobalt nanodiscs can also be fabricated with the same thermal decomposition procedure by choosing proper surfactants [71] . In practice, a pair of surfactants are used to fabricate spherical and monodispersed cobalt NPs [72, 73] . In a typical synthesis of spherical cobalt NPs, using oleic acid (OA) and dioctylamine (DOA) as example, the Schlenk line ( figure 3(a) ) is degassed for 30 min with argon; and then, 0.54 g Co 2 (CO) 8 dissolved in 3 mL o-dichlorobenzene (DCB) is rapidly injected into 14 mL DCB with 0.2 mL OA and 0.34 mL DOA at 182
• C during vigorous stirring. Following burst nucleation and size focusing, cobalt NPs are collected after 20 min and sealed in vials filled with argon. As-made cobalt NPs in DCB are washed with ethanol, precipitated by centrifugation, dried in the vacuum, and finally dispersed in different solvents to make a wide range of FFs. 
Au core -Co shell NPs
Seed-mediated growth, a popular wet-chemical synthetic method to fabricate nanoscale heterostructures [74, 75] , is used to fabricate core-shell NPs. Due to the lower activation energy of heterogeneous when compared with homogeneous nucleation, atoms in the supersaturated solution prefer to heterogeneously nucleate on the surface of the pre-fabricated seed NPs to yield core-shell NPs. The growth mechanism of Au core -Co shell NPs is schematically shown in figure 4(a) . First, gold seed NPs are synthesized by a modified two phase Brust method [76] . Typically, 0.1 g HAuCl 4 dissolved in 6 mL D.I. water is stirred vigorously with 0.5 g tetraoctylammonium bromide (TOAB), a phase transfer agent, in 14 mL toluene for 3 h. Then 0.05 g dodecylamine (DDA) in 3 mL toluene is added to the above mixture, and stirred for another half an hour. During stirring, dodecylamine will coordinate to gold (III) ions. Finally, sodium borohydrate (NaBH 4 ), a strong reducing agent, in 6 mL D.I. water is added to the mixture/solution in a drop-wise fashion. Homogeneous nucleation of gold NPs is indicated by a quick colour change from milk white to blood red. The solution is kept stirring for another 3 h to complete the reaction. Gold NPs in the organic phase are then separated from the aqueous phase, and stored in a glass vial. As-made gold seed NPs solution also contains other by-products and residues, which are washed with methanol, precipitated by centrifugation, and dried in vacuum. After that, 0.05 g gold NPs are dissolved in 10 mL toluene, and subsequently transferred into the Schlenk line, followed by degassing with argon for 30 min. Gold seed NPs solution is then heated to 90
• C and kept at this temperature for another 10 min. After that, 0.1 g Co 2 (CO) 8 with 0.1 mL oleylamine (ON) and 0.1 g OA in 3 mL toluene is injected into the hot solution containing gold seed NPs. Upon decomposition, cobalt atoms heterogeneously nucleate on multiple positions on the surface of gold seed NPs as schematically shown in figure 4 (a), and grow to become a complete shell. After 1 h, the solution was cooled down to room temperature, and collected and sealed in glass vials filled with argon, and stored in a glove box.
The bright field TEM image of Au core -Co shell NPs shows (figure 4(b)) gold cores appearing much darker than the cobalt shell. High resolution TEM (HRTEM) image of a Au coreCo shell NP, figure 4(c), shows that the spherical gold core is a single crystal surrounded by a polycrystalline cobalt shell. The fast Fourier transformation (FFT) of the HRTEM image in figure 4(c), as shown in figure 4(d) , is irregular and confirms the multiple crystallographic orientations of the different grains in the cobalt shell. Au core -Co shell NPs were also characterized by dark field scanning TEM (STEM) with a probe size ∼1 nm and a high-angle annular dark field (HAADF) detector, which is sensitive to the atomic number (Z) and the thickness of the NPs. Gold and cobalt in the core-shell structure, with large difference in Z, are well resolved in the dark field STEM image in figure 4 (e) exhibiting a brighter gold core and a darker cobalt shell. Energy dispersive x-ray (EDX) spectroscopy line scan in the STEM mode, across a Au core -Co shell NP is also shown in the inset of figure 4(e). The 'λ' and 'µ' shapes of gold and cobalt profile clearly indicate that the gold concentration is maximum at the centre, while cobalt is concentrated at the edge of Au coreCo shell NPs, respectively. Figure 4 (f ) shows the selected area electron diffraction (SAED) of Au core -Co shell NPs. The ring pattern can be assigned to the crystal plane (1 1 1), (2 0 0), (2 2 0) and (3 1 1) of the fcc gold core. The reduced intensity of the fcc gold diffraction ring can be attributed to the small size of the gold core and the screening effect by cobalt shell. Due to the small grain size in the multi-grained cobalt shell, no diffraction rings corresponding to cobalt can be indexed. Consistent with the SAED, the diffraction peaks in the θ-2θ XRD scan, shown in figure 4(g), can only be indexed as fcc gold, but no diffraction peaks attributed to cobalt can be observed. The characterization with bright field TEM, HRTEM, FFT, STEM and EDX confirms that Au core -Co shell NPs, with a single crystalline gold core and polycrystalline cobalt shell, were successfully fabricated. In addition, it has also been demonstrated that cobalt shells in Au core -Co shell NPs form single magnetic domains with enhanced coercivity, compared with pure cobalt NPs of the same size, as a result of pinning effect at the Au/Co interface [77] .
Cobalt NPs/poly(3-hexylthiophene, 2,5-diyl) hybrid NCs
Poly(3-hexylthiophene, 2,5-diyl) (P3HT), a well-known semiconducting and semicrystalline polymer, has been widely used in organic electronics [78] , such as transistors [79] , photovoltaic devices [80] and diodes [81] . The conductivity of P3HT is 10 −6 -10 −7 S cm −1 for pressed pellet [82] , and 10 −8 -10 −9 S cm −1 for cast film [83] . Due to the alkyl chain on each monomer, P3HT can be well-dissolved in any non-polar organic solvent, making it very easy for solution processing. In solution, the polymer chains of P3HT are uniformly dispersed, as schematically shown in figure 5(a) . However, upon solvent evaporation, due to its regioregular structure, polymer chains of P3HT usually crystallize into laminar crystallites interspaced by amorphous regions [78, 84] ( figure 5(f ) ). Figure 5(a) shows the steps to fabricate Cobalt NPs/P3HT (Co/P3HT) hybrid thin films by drop casting. In step I, as-made cobalt MNPs are washed with ethanol, precipitated by centrifugation and dried in vacuum. Depending on the desired volume ratio of cobalt MNPs to P3HT, various amounts of P3HT are co-dissolved with dried cobalt MNPs in toluene. In each batch of precursor solution, concentration of P3HT is 10 mg/1 mL. The co-dissolved Co/P3HT solution in toluene is sonicated for 2 h to form a homogeneous solution. In step II, a drop of the prepared Co/P3HT solution (63 µL) is cast on the substrate, which becomes the Co/P3HT hybrid film after toluene is evaporated, as in step III. Finally, in step IV, the cast Co/P3HT hybrid film is annealed in a flow of 5 vol% H 2 /95 vol% Ar atmosphere at 150
• C for two hours. The annealing temperature is determined based upon the thermal gravimetric analysis (TGA), as shown in figure 5(b) . During annealing, the residual solvent is evaporated completely, and then the cobalt NPs and P3HT form a stable configuration.
Regioregular P3HT often crystallizes into a semicrystalline laminar structure with a lattice parameter, a 0 = 1.61 nm and b 0 = 0.38 nm [85] . According to Bragg's law, 2d h k l sin θ = nλ, coherent x-ray scattering along the (1 0 0) and (0 1 0) direction will occur at 5.4
• and 23.4
• with Cu K α radiation (λ = 0.154 nm) [85] . Further, it has been demonstrated that there are two possible orientations of P3HT crystallites with respect to the substrate for the solution processed films [78] . For P3HT with high regioregularity, the planes of the P3HT sheets in the crystallites prefer to be perpendicular to the substrate (perpendicular configuration); while for the P3HT with low regioregularity, the planes of the P3HT sheet in the crystallites prefer to be parallel to the substrate (parallel configuration). For the perpendicular configuration, θ-2θ xray scans will show peaks at 5.4
• for the (1 0 0) plane, 10.8
• for the (2 0 0) plane and 16.2
• for the (3 0 0) plane; while for parallel configuration, the peak will only appear at 23.4
• for the (0 1 0) or (0 0 1) planes. The XRD θ-2θ scans of pure cobalt NPs, pure P3HT and their MNCs using Cu K α radiation are shown in figure 5(c). The diffraction peak at 44.2
• for pure cobalt NPs confirms the ε-Co crystallographic structure. For pure P3HT, there are three strong diffraction peaks located at 5.4
• , 10.8
• and 16
• corresponding to the (1 0 0), (2 0 0) and (3 0 0) reflections, respectively. The strong (1 0 0) peak at 5.4
• has been truncated to reveal the details of the XRD pattern of pure P3HT. The broad peak of the pure P3HT with maximum at ∼23
• might be due to a small number of crystallites with parallel configuration, which is consistent with other observation [86] . The diffraction pattern of pure P3HT indicates that the drop casted P3HT prefers the perpendicular configurations.
When cobalt NPs are added to P3HT to form the MNCs, the diffraction intensity of P3HT at 2θ = 5.4
• is considerably reduced as shown in figure 5(c). The peak intensity of P3HT at 2θ = 5.4
• is proportional either to the total number of nanodomains of crystalline P3HT per unit volume [85] or to the fraction of the domains with aaxis oriented normal to the substrate surface [78] . As a result, the reduced diffraction intensity at 2θ = 5.4
• can be attributed to either reduced number or the reorientation of existing P3HT crystallites after addition of cobalt NPs. If the latter is the case, the diffraction peak of the (0 1 0) and (0 0 1) planes at 23.4
• should increase. However, no diffraction peak at 2θ = 23.4
• was observed for Co/P3HT MNCs. Hence, we can conclude that the addition of cobalt NPs into P3HT will reduce the number of P3HT crystallites per unit volume. Further, the diffraction intensity of P3HT (1 0 0) plane at 2θ = 5.4
• decreases as the concentration of cobalt NPs in the P3HT matrix increases. Consequently, it is proposed [87] that cobalt NPs stay in the amorphous region of P3HT to form clusters (figure 5(f )) rather than be uniformly dispersed in the P3HT matrix (figure 6(d)). If cobalt NPs are inserted into the crystalline region of P3HT, the laminar structure will be distorted and strained, which is an unfavourable energy state [88] . Further, as more cobalt NPs are added to the P3HT matrix, some P3HT chains in the lamina will unfold and become amorphous to accommodate the cobalt NPs. As a result, the intensity of the diffraction peak at 2θ = 5.4
• is inversely proportional to the volume concentration of cobalt NPs in the P3HT matrix. To confirm the proposed microstructure of Co/P3HT MNCs, direct imaging of sliced Co/P3HT thin films were conducted by dark field STEM, as shown in figure 5(d). Due to the larger atomic number (Z) of cobalt when compared with the average Z of P3HT, the region containing cobalt NPs appears brighter than the P3HT region. From the STEM image, it is clearly resolved that cobalt NPs are clustered (bright regions) and are separated by the P3HT matrix (dark region). The chemical compositions are also confirmed by EDX spectra taken at point A and point B with an electron probe size of diameter ∼1 nm as shown in figure 5 (e). The main components at point A are cobalt NPs and P3HT, while only strong peaks from P3HT can be observed at point B. In summary, the Co/P3HT MNCs show a segregated microstructure, which has to be incorporated in any model explaining the transport properties (see section 4.1).
M(H ) curves of Co/P3HT MNC shows superparamagnetic characteristics, and were fitted to a Langevin function using the Chantrell's method and assuming log normal size distributions [89, 90] , as shown in figure 6 (a). The magnetic size, d m , of cobalt NPs in the Co/P3HT MNCs extracted from the fitting is d m ∼ 7.6 nm with a standard deviation of 0.6 nm, which is consistent with the physical size of cobalt MNPs, d o ∼ 8 nm, determined by bright field TEM. The small difference between d m and d o might be due to the magnetic dead layer on the surface of the cobalt NPs [91] . ZFC and FC curves of unannealed and annealed Co/P3HT MNCs are shown in figure 6(b) and (c), from which T B is determined to be ∼125 K and ∼175 K, respectively. The shift of T B is attributed to the redistribution of cobalt NPs during annealing, leading to stronger interparticle interactions. Further, after annealing, the T B of Co/P3HT MNCs becomes insensitive to the concentration of cobalt NPs in the P3HT matrix (figure 6(c)), which results from the clustered microstructures of Co/P3HT MNCs, as shown in figure 5 (f ). The average interparticle spacing of the cobalt NPs clusters in the P3HT matrix is independent of the concentration of cobalt NPs, leading to approximately the same T B (interparticle interactions) of all Co/P3HT MNCs. Further, if cobalt NPs are uniformly distributed in the P3HT matrix as shown in figure 6(d), T B will increase with the concentration of cobalt MNPs due to enhanced interparticle interaction, which is not observed experimentally and thus magnetically prove the segregated microstructure of Co/P3HT hybrid films.
Thermal stability of Au core -Co shell hard NCs
Bi-/multi-functional, 0-0 type, MNCs [92, 93] have shown great potential to succeed in such applications as biomedicine [24, 94] and permanent magnets [95] . Hence, it is critical to have a comprehensive understanding about the fundamental and underlying properties of these 0-0 type MNCs. For example, the thermal stability of such 0-0 type MNCs could be significantly affected by surfaces [96] and interfaces [97] at the nanoscale, and the strain energy stored in the bulk due to lattice distortion [98] . In effect, the break in symmetry at newly created surfaces or interfaces introduces extra energy and entropy terms into the free energy of nanoscale materials, and thus alters their thermal properties [99] [100] [101] [102] . Here, we discuss annealing experiments carried out on immiscible Au core -Co shell NPs to investigate their thermal stability, and specifically to determine the role of various energies (surface, interface, grain boundary and strain) in their thermal behaviour and stable morphology of each isolated core-shell NC.
Energies in Au core -Co shell NPs
Due to the high surface-to-volume ratio for nanoscale materials, surfaces and interfaces are abundant in Au coreCo shell NPs. Basically, there are three types of interfaces in the solid phase [104] ; namely type I: free surface, where atoms are exposed to vapour phase; type II: intraphase interface (or grain boundary), where the phases are the same on both sides of the boundary but with different crystal orientations; and type III: interphase interface, where the phases are different on each side of the boundary. Here, phases refer to crystallites with fixed chemical composition and well-defined crystal structures. Compared with atoms in the bulk, the atoms at the interface have higher energy due to reduced symmetry. With respect to atoms in the bulk, surface atoms (type I interface) partially lose their neighbouring atomic coordination (figure 7(a)) to yield a high-energy state. On the other hand, when solids are sublimated, atoms will lose all their neighbouring atoms. As a result, surface energy can be estimated by the latent heat of sublimation, L S . If closest atomic packing is assumed, surface energy, γ S , can be estimated from latent heat of sublimation as follows [104] :
where N A is Avogadro's constant, and the coefficient a (<1) is a crystallographic orientation (atomic packing) dependent parameter. For type II interface (grain boundary), there are two possibilities. When the misorientation angle, θ, between the crystallites on each side of the boundary is small, a smallangle grain boundary can be obtained as shown in figure 7 (b). In this case, edge dislocations will be present at the interface with a dislocation distance of D = b/θ (b is burger's vector of the dislocation); i.e. the dislocation density is proportional to θ. As a result, the energy of a small-angle grain boundary, γ b , is equal to the dislocation energy per unit area, and is linearly dependent [104] on θ, namely γ b ∝ θ. As θ become large, dislocations at the grain boundary cannot be individually separated, and will form clusters of dislocation. For θ > 10 • -15
• , the grain boundary will become disordered, and is called random high-angle grain boundary with energy levelled-off to one third of the free surface value, given in equation (3.1.1), i.e.
In a special high-angle grain boundary (twin boundary), as shown in figure 7(c), the grain boundary energy is often very low due to the absence of the dislocations and minimal distortion of the lattices on opposing sides of the grain boundary. For type III interface, there are three possibilities, namely coherent, semi-coherent and incoherent interface [104] . Figure 7 shows the coherent (e) and semi-coherent (f ) interfaces between α and β phases with lattice spacing d α and d β , respectively. At the coherent interface, atoms of phase α and β have one-to-one correspondence. However, chemical bonds at the interface are formed between atoms of different elements. Hence, interface energy, γ αβ , is mainly attributed to chemical mismatch, i.e.
which is usually very small (∼1-200 mJ m −2 ). If the lattice mismatch is significant between phase α and β, lattice distortion will be too strong to support a coherent interface. In this case, misfit dislocations (figure 7(f )) will be introduced at the interface to form a semi-coherent interface and to contribute to γ αβ . The misfit factor between the two lattices is defined by The distance between misfit dislocations is given by
where b is the Burgers vector of the dislocations, and is given by
For a semi-coherent interface, the interface energy has contributions from both the chemical mismatch and the misfit dislocations, γ misfit ,
For a small misfit factor, the contribution from the misfit dislocation is proportional to misfit factors, namely
The energy of a semi-coherent interface is usually between 200 and 500 mJ m −2 . Finally, as the misfit factor δ is very large, the interface is not semi-coherent any more, and becomes a disordered interface with significantly enhanced interface energy γ αβ (∼500-1000 mJ m −2 ) [104] . A chemically synthesized Au core -Co shell NP has a single crystalline gold core surrounded by a multi-grained cobalt shell due to heterogeneous nucleation. In such Au core -Co shell NP, there is unrelaxed grain boundary energy stored at the interface (type II) between cobalt grains in the shell, as shown in figure 8(a) . In addition, extra energy is also stored at the interface between the gold core and cobalt shell. Ideally, the lattices of the gold core and the cobalt shell should be coherent so that energy is minimized at the interface. However, for as-made Au core -Co shell NPs, the interface between gold and cobalt is often incoherent due to random cobalt crystal growth on gold during heterogeneous nucleation to yield a high-energy state, as shown in figure 8(b) . The average energy of the bare gold and cobalt surface [105] is 1.626 J m −2 and 2.709 J m −2 , respectively, with respect to the undistorted bulk atoms. In reality, as-made Au core -Co shell NPs are always coated with a layer of surfactant to prevent oxidation and aggregation, as shown in figure 8(d) . Effective coating of any surfactant on the surface of metallic NPs is achieved by coordination bonds between surface atoms of the NPs and functional groups of the surfactants, which are covalent in nature and are formed by donating or accepting a pair of electrons from the functional groups into the empty orbital of surface atoms. Due to the strong bond strength of the coordination bonds, energy of the surface atoms is significantly reduced. If the interface between the surfactant/surface is considered as the 'surface' of Au core -Co shell NPs, 'surface' energy of these Au core -Co shell NPs is negligibly small or even negative. As a result, when considering the thermal stability in the Au core -Co shell NPs, 'surface' energy of the Au core -Co shell NPs can be neglected.
Finally, due to lattice mismatch, the lattices in both the gold core and the cobalt shell will be distorted, giving rise to strain energy in the bulk of Au core -Co shell NPs with respect to the unstrained lattice, as shown figure 8(c). The magnitude of the strain energy density in the uniformly deformed lattice is proportional to the product of Young's modulus and the square of the strain, defined as
where d h k l and d * h k l are the lattice spacing in the strained and unstrained lattice in any crystallographic direction [h k l], respectively. To calculate the strain energy in a Au core -Co shell NP, Eshelby's inclusion model, namely a spherical particle in an infinite matrix [106] , is used. In this model, J D Eshelby performed a series of sequential virtual operations, namely cutting, straining and welding. By these virtual operations, the total strain energy stored in the spherical particles and the infinite matrix was calculated and given by
where µ, ε, σ and V are the shear modulus, strain, Poisson's ratio and volume of the core, respectively. Strain energy is mainly concentrated in the vicinity of the interface between the spherical particle and the matrix, and the strain energy will quickly diminish when it is away from the interface. The total strain energy of the Au core -Co shell NPs thus can be estimated by equation (3.1.7) with limited errors. Accurate calculation of strain distribution in the core-shell NPs is performed by Duan et al [107] . In summary, the principal energy contributions to determine the stability of the particles include grain boundary energy in the cobalt shell, interface energy at the Au/Co interface and strain energy in both gold core and cobalt shell.
Ex situ annealing and thermal stability of Au core -Co shell NPs
To study thermal stability of Au core -Co shell NPs, ex situ annealing experiments were performed on the as-synthesized Au core -Co shell NPs under argon atmosphere over a wide temperature range from 200 to 450 • C. First, a small drop of the toluene solution containing as-made Au core -Co shell NPs was deposited on a carbon film (thickness ∼ 20 nm) mounted on a copper grid. After the deposited carbon film was completely dried, the TEM grid was annealed, after initial purging with Ar gas for 2 h, for 10 h at the desired temperature and then slowly cooled in Ar gas to room temperature. Au core -Co shell NPs were then annealed at 200
• C, 250
• C, 300
• C, 350
• C, 400
• C and 450
• C, respectively. For annealing temperatures higher than or equal to 450
• C, the carbon film was broken and folded so that only blurred TEM pictures could be obtained.
The choice of the carbon film for the ex situ heating experiment was based on the binary phase diagrams of gold/cobalt and carbon. Cobalt and carbon are completely immiscible below 422
• C; and only a limited solubility can be observed between 422 and 600
• C. Other substrates commonly used for TEM experiments, such as Si 3 N 4 or SiO x , contain silicon, and the possibility of forming several intermediate compounds between cobalt and silicon precluded their use in heating experiments of Au core -Co shell NPs. Binary phase diagrams of Au/Co-Ti and Au/Co-Mo were also examined for other possible choices of the TEM substrates. In these phase diagrams, intermediate compounds are always present. Consequently, carbon film is the best choice for these ex situ heating experiments. After ex situ heating experiments, the annealed Au core -Co shell NPs on the carbon film were taken out from the annealing chamber and transferred into a FEI Tecnai G2 F20 microscope operating at 200 kV with a field emission gun. The annealed Au core -Co shell NPs were characterized by bright field TEM, SAED, HRTEM, STEM and EDX to monitor their structural and morphological evolution during ex situ annealing at different temperatures.
Prior to the annealing, no oxidation was detected for the as-synthesized Au core -Co shell NPs either by SAED and EDX. Further, the furnace tube, where the annealing experiments were carried out, was carefully degassed with argon gas flow for 2 h to ensure no oxidation of cobalt metal occured during heating/annealing. However, it is well known that surfactants on the surface of the Au core -Co shell NPs will decompose/evaporate [108] during heating at high temperature for 10 h to leave exposed metallic surfaces [109] . Further, decomposition/evaporation of surfactants outside the Au coreCo shell NPs becomes more severe as annealing temperature goes higher. As a result, cobalt metal in the Au core -Co shell NPs can be quickly oxidized even at room temperature due to insufficient protection, whilst being transferred from the annealing chamber to the TEM machine. Despite the appearance of such oxidation, it should be emphasized that the oxidation of cobalt metal occurs when being transferred from the annealing chamber to the TEM chamber rather than during the ex situ annealing experiment. Further, oxidation during transfer will quickly quench the morphologies of the annealed Au core -Co shell NPs due to the very limited diffusion in the ionic materials [86] . As a result, morphologies of the heat treated Au core -Co shell NPs are unchanged and can be used to monitor the morphological evolution during annealing in spite of the occurrence of oxidation during transferring [168] .
HRTEM images of annealed Au core -Co shell NPs are shown in figure 9 . along with their corresponding FFTs (insets). The core-shell morphology is still preserved for T anneal = 250
• C as shown in figure 9(a) . Compared with the irregular FFT pattern of as-made Au core -Co shell NPs shown in figure 4(d) , FFT pattern of the annealed Au core -Co shell NPs at T anneal = 250
• C for 10 h is much more regular indicating that the grain boundaries in the cobalt shell are slowly annealed away by grain growth. Further, during annealing, the lattices of gold and cobalt are reoriented and aligned along the same direction to achieve a coherent or semi-coherent interface. After annealing at T anneal = 300
• C for 10 h, FFT patterns of Au core -Co shell NPs become completely regular ( figure 9(b) ), indicating all cobalt grain boundaries have been annealed away, and the lattices of gold and cobalt are completely aligned. As Au core -Co shell NPs were annealed at 350
• C for 10 h, the gold core begins to escape from the containment of the cobalt shell, as shown in figure 9(c) . Finally, after annealing at T anneal = 400
• C for 10 h, gold and cobalt were transformed into a stable peanut structure as shown in figure 9(d) . It is worth mentioning that even during the movement of the gold core out from the containment of the cobalt shell, the lattices of gold and cobalt remain coherent, as monitored by their corresponding FFTs. A low energy, twinned Co/Au interface, seen in the peanut structure in figure 9 (d), is magnified in figure 9 (e). Further, the whole process of the morphological transformation is recorded by bright field TEM images, and the morphologies are confirmed by the corresponding EDX line scan in the inset in figure 9(f )-(i).
As-made Au core -Co shell NPs are in a high-energy state with extra energy contributions from Co/Co grain boundary, Au/Co interface and strains in the lattices of gold and cobalt. At room temperature, the core-shell morphology, even at a high-energy state, is well preserved due to the limited mobility of gold and cobalt atoms. However, during annealing, atoms in the Au core -Co shell NPs will gain enough thermal energy to migrate so that the extra energy in the core-shell morphologies can be slowly relaxed. Initially, after annealing at 250
• C for 10 h, grain boundaries in cobalt shell are annealed out. Such grain growth at intermediate temperature is driven by the grain boundary enthalpy and the enhanced grain boundary mobility due to non-equilibrium grain boundary structures in nanocrystalline materials [111, 112] . The grain boundary energy is dependent on the misorientation angle, and can be as high as one third of the surface energy for a completely disordered grain boundary. Further, the shapes of the cobalt grains are random and are not in the equilibrium hexagonal shape [104, 111, 112] . As a result, the grain boundary will be annealed out easily even at temperatures as low as 250
• C. After annealing at 300
• C for 10 h, the free energy of the Au coreCo shell NPs can be further reduced by forming a coherent or semi-coherent interface. Although details of the structure of the Au core -Co shell NPs changes for T anneal = 300
• C, the core-shell morphology remains intact. The coalescence is not severe as shown in figure 9(f ) . Further, after annealing at T anneal = 350
• C for 10 h, gold cores gradually escape from the containment of the cobalt shell such that strain and interface energy will be reduced. Interface and strain energy will be minimized when the peanut structure is finally obtained after annealing at T anneal = 400
• C for 10 h. In summary, Au core -Co shell NPs follow a sequence of thermal transformations during annealing to minimize their total energy: (1) when thermal energy is low (<200
• C), the core-shell morphology remains stable. (2) As the temperature increases (200-300
• C), cobalt atoms in the shell begin to diffuse, re-organize and eliminate the grain boundaries. Further, the gold and cobalt lattices re-orient and align to create a coherent/semi-coherent interface. (3) As the annealing temperature is further increased to 350
• C, atoms migrate more vigorously and the gold core begins to move out from being contained by the cobalt shell. This reduces the interfacial energy by diminishing the contact area and partially releases the strain energy as well. (4) Finally, strain, interface and grain boundary energies are minimized to form the 'peanut' structure for particles heat treated at 400
• C for 10 h [109].
Electron transport and MR in Co/P3HT soft NCs
Electron transport in disordered system via localized electronic states has been investigated in non-crystalline condensed materials for some time [113] . In practice, it is becoming increasingly important, partially due to the appearance of novel and new organic electronic devices [67, [113] [114] [115] [116] [117] [118] , with several advantages over their inorganic counterparts, in easyprocessability [119] , low cost, light-weight and flexibility [120] . Further, the transport of polarized spins in the presence of magnetic entities, in a structurally disordered polymeric MNCs system, is even more intriguing and needs further investigation. Organic materials (polymer or small molecules), enabling recent advances in organic electronics, is a new viable alternative for spintronics applications [121] , mainly due to their weak spin-orbit and hyperfine interactions [121] [122] [123] [124] . The pioneering work of organic spintronics was conducted in tunnel junctions using an organic spacer [125] In these organic granular films, small molecules, such as C 60 [127] and Alq 3 [128] , form the organic matrix in which cobalt NPs are embedded. MR ratio of 80% and 12% was observed for the Co/C 60 [127] and Co/Alq 3 [128] hybrid films at 4.2 K respectively, even though the electron transport mechanism and microstructure in these hybrid granular systems are still not clear. Here, we discuss electron transport and MR of granular Co/P3HT hybrid films synthesized by a totally different and inexpensive solution approach. Instead of small molecules, polymers are used as the matrix. Further, since P3HT matrix is a flexible polymer, this hybrid MNCs can potentially be a good candidate for a structurally flexible MR device, which is not achievable by tunnel junctions as well as by small molecule granular systems. Finally, the electron transport mechanism in the Co/P3HT hybrid MNCs is elucidated.
Electron transport in Co/P3HT soft NC
According to Bloch theorem [129] , the wave function of electrons in a periodic potential is given by
where u k (r) is a reflection of the period of the crystal lattice. In perfect crystals, the wave functions of electrons are periodic and can extend over the whole lattice of the material. In reality, there are always some imperfections in the crystalline material, leading to the loss of coherence of the Bloch wavefunction over a characteristic length scale, l; however, the electron wave can extend over the whole sample, as shown in figure 10(a) . On the other hand, when the system becomes very disordered, the Bloch wavefunction will completely lose its coherence and become localized [130] as shown in figure 10(b) , where ξ is the localization length [113] . The electron transport in a disordered system, in the classic Mott model, is via a phonon-assisted hopping process between these localized states near the Fermi level [131] , with localization length smaller than the distance between the localization centre [132] , as shown in figure 10(c) . By assuming that the localized states have a spherical shape and are uniformly distributed in the sample, the number of available states within a distance of R is R d n(E F ), where n(E F ) is the energy density near the Fermi level and d is the dimension of the system. As a result, the energy spacing for hopping between these localized states is given by [133] E ∝ 1 Here the Coulomb interaction of the excited electron-hole pair is ignored, and the energy spacing for hopping is inversely proportional to R d . When localized states are close, the energy spacing for hopping is high due to less available energy states, leading to low hopping probability. When the localized states are far from each other, the energy spacing for hopping is low due to an abundance of available localized states. However, as the distance between localized states increases, the overlap between their wave functions will decrease exponentially. By considering the two competing factors, the hopping probability for electrons between the localized states is given by
where α and β are proportionality constants. When the hopping probability is maximized, the hopping distance is given by
(4.1.4) Namely, the hopping distance will decrease as temperature increases due to increased phonon energy. As a result, the mechanism of electron transport in the disordered system is called variable range hopping (VRH). By substituting equation (4.1.4) into (4.1.3) and considering the fact that conductivity is proportional to hopping probability, σ ∝ P (R), the electrical conductivity of the disordered system is given by
In Mott's VRH model, the Coulomb interaction between excited electron-hole pair is ignored and the density of states near the Fermi level is assumed to be constant. However, if the Coulomb interaction of the excited electron-hole is strong, there will be a Coulomb gap near the Fermi level and hence the conductivity of a 3D disordered system (Efros-Shklovskii VRH model) is given by [134] 
in which ln σ ∼ T −1/2 replaces the ln σ ∼ T −1/4 relation for 3D VRH.
Among disordered systems, the case of metallic NPs dispersed in an insulating matrix is a special one, and the electron transport in this granular system is via electron hopping between these metallic NPs as shown in figure 10(d) . The energy of hopping between metallic NPs is dependent on the particle size and size distribution in the insulating matrix, and is given by [135] 
where e, d and s are the elementary charge, size of particle, distance between particles and F is a function of the shape and distributions of particles, respectively. For this uniformly distributed granular system, its conductivity is given by [135, 136] 
In some granular system, NPs are clustered in some regions, which are separated by insulating gap as shown in figure 10 (e). Within these clustered regions, it is easy for electrons to hop between NPs due to much reduced distance between NPs; however, the electron transfer between clustered regions is quite limited, and often occurs at the place where the two regions are closest [137, 138] . Further, due to the random motion of electrons in these clustered regions, there will be some transient excess or deficient electronic charges distributed at the surface where the two clustered regions meet, resulting in a fluctuating voltage, V T , at the junction. The average square of V T at the junction is given by [137] :
where C is the capacitance of the junction and determines the temperature dependence of the energy barrier for electron hopping. In general, the energy barrier will decrease as temperature increases. In this fluctuation-induced tunnelling (FIT) model, conductivity of the granular system is given by [135, 137] 
where k B T 1 is the energy required for an electron to tunnel across the polymer gap between conducting particle aggregates and, for T T 0 , the resistivity is temperature independent. For electrical measurements, Co/P3HT hybrid film was deposited on a substrate with a pre-made bottom contact by the drop cast method described in section 2.3. After annealing in 5% H 2 /95% Ar atmosphere at 150
• C for 2 h, a strip of gold top contact was deposited on the Co/P3HT hybrid film by thermal evaporation in vacuum. Finally, Co/P3HT hybrid films were connected to a circuit, schematically shown in figure 11(a) , to measure their resistance over a wide range of temperatures and external magnetic fields in the PPMS system. To investigate the electron transport mechanism in Co/P3HT MNCs, their resistivity was measured as a function of temperature (10-100 K) under no external magnetic field, and was fitted to both VRH and FIT models. According to equation (4.1.5) in the VRH model, the natural logarithm of resistivity is linearly dependent on T −1/(1+d) , or ln ρ ∼ a + bT −1/(1+d) . Experimental data in the form of ln ρ ∼ T −1/(1+d) relation for 12 vol% Co/P3HT NC were plotted for d = 1, 2 and 3 as shown in figure 11(b) . Although a small segment can be linearly fitted with the ln ρ ∼ a + bT −1/(1+d) relation for all dimensions, the overall fitting of ln ρ ∼ a+bT −1/(1+d) deviated significantly from the experimental data. The resistivity of the 12 vol% Co/P3HT NC, as a function of temperature, is also fitted with the FIT model, namely ρ = ρ 0 exp([T o /T ] 1/(1+d) ), using a nonlinear curve fitting function of ORIGIN software. As shown in figure 11(c) , the experimental data can be well fitted into the FIT model for temperature between 10 and 100 K. The tunnelling occurs between the clustered cobalt NPs, which is consistent with the microstructures of Co/P3HT MNCs identified in section 2.3.
Above 100 K, the resistivity of Co/P3HT NCs begins to increase with temperature and cannot be fitted into the form
1/(1+d) ) any more. This may arise from a pair of competing effects, namely fluctuating barrier height and barrier width. As temperature increases, the height of the energy barriers between cobalt clusters will decrease due to enhanced fluctuating voltage, which decreases the resistivity of Co/P3HT NC. On the other hand, as temperature increases, the separation between cobalt clusters will increase due to the thermal expansion of the P3HT matrix to increase the width of the energy barrier. The height and width of the energy barrier for electron tunnelling between cobalt clusters are shown in the inset of figure 11(c) . At low temperatures, fluctuating effects dominate, and the resistance decreases with temperature; however, at high temperature, polymer expansion dominates, and the resistance increases with temperature [139] .
MR in Co/P3HT NC film
The resistance of Co/P3HT MNCs with different compositions was measured as a function of external magnetic field up to 8 T at different temperatures from 10 to 300 K. The MR ratio of this hybrid MNC is defined as
where ρ(H ) and ρ(0) are the resistivity of the Co/P3HT MNCs at the applied field of H and 0, respectively. Figure 12(a) shows the MR ratio of Co/P3HT MNCs with different compositions at 10 K. The resistivity of the composite film decreases as the external magnetic field increases, and continues to decrease slowly even at an external magnetic field of 8 T; at the same time, the magnetization directions of cobalt MNPs are gradually switched from being random to being parallel as the external magnetic field increases. Further, if the concentration of cobalt MNPs increases from 12 vol% Co to 17 vol% Co, the MR ratio of the hybrid film at 8 T increase from 1.8% to 2.9%. Figure 12 (b), (c) and (d) show the MR measurement of 15 vol% Co NC film at 20 K, 100 K and 200 K, respectively. Compared with the MR ratio of ∼2.3% measured at 10 K for 15 vol% Co/P3HT MNCs film, the MR ratio at 20 K, 100 K and 200 K decrease to ∼1.5%, 0.5% and 0.13%, respectively. At room temperature, the MR ratio of the hybrid film completely disappears. Further, as temperature increases, the MR ratio becomes more difficult to saturate even at high magnetic fields. As shown in section 4.1, electron transport in the Co/P3HT MNCs is via the FIT model between the cobalt clusters in the amorphous region of the P3HT matrix. The tunnelling events often occur at the junction where two cobalt clusters are most closely separated. As a result, we propose that the electron tunnelling probability at the joint junction is dependent on the relative magnetization directions of cobalt MNPs. When no external magnetic field is applied to the soft Co/P3HT MNCs, the relative magnetization directions of the surface cobalt MNPs at the joint junction are randomized due to superparamagnetism, as shown figure 12(e). In this case, hopping probability of electrons is low and the electrical resistance is high. On the other hand, when a finite external magnetic field is applied to the Co/P3HT MNCs, the magnetization directions of cobalt MNPs are gradually aligned, as shown figure 12(f ). As a result, the hopping probability of electrons between closest cobalt MNPs will increase, resulting in a lower electrical resistance. Further, it is possible that the electron hopping within cobalt clusters might also contribute to the MR ratio as the magnetization is switched by external magnetic field from being random to being parallel, which is similar to the MR ratio obtained in the self-assembly of cobalt NPs [140] .
Coupling of magnetic blocking and solvent melting in cobalt FF
A FF, also called magnetic fluid or magnetic colloid, is a stable suspension system containing single domain MNPs in a carrier fluid and showing characteristics of superparamagnetism at room temperature [141] [142] [143] . In FFs, MNPs are uniformly dispersed and have both translational and rotational diffusion in the carrier fluid. Consequently, FFs are also called dynamic MNCs. Since their invention in the 1960s [144] , FFs have attracted extensive attention in both fundamental research [36, 145] and applications [37] . For practical applications, FFs have been used in several fields such as biomedicine [146] , mechanical [147] and sensor [148] technologies, and as room temperature magnetic refrigerants [149] . Although FFs have been investigated for quite some time now, there are still many ambiguities about their fundamental properties including ageing and memory effects [150] , related slow dynamics [151] , and phase transitions [152] [153] [154] . Usually, ZFC and FC measurements are used to detect the magnetic phase transformations in FFs. Typically, as the temperature increases from T ∼ 0 to 300 K, there is a second order magnetic phase transformation, namely a blocked-unblocked transition for the superparamagnetic NPs in the fluid, indicated by a broad peak in the ZFC curve [155] with maximum magnetization at the blocking temperature (T B ). The second order magnetic phase transformation at T B can be tuned by controlling the size, size distribution and interparticle interactions [27] of the superparamagnetic NPs. Additionally, a sharp peak during freezing/melting of the carrier fluid at T M is also observed in the ZFC curve of the FF [156] [157] [158] , which is controllable by choosing appropriate organic solvent. In this section, a comprehensive investigation of the magnetic and structural phase transitions in cobalt FFs , for the temperature range of ∼10 K to room temperature, to explore the underlying physics is presented.
Magnetization relaxation in cobalt FFs
In cobalt FFs, there are two possible relaxation mechanisms for cobalt NPs to reverse their magnetization directions with respect to a fixed coordinate system in space. Firstly, magnetization directions of cobalt NPs can be switched between magnetic easy axes by overcoming the magnetic anisotropic energy barriers with cobalt NPs being physically fixed in space. This mechanism is called Néel relaxation [159, 160] , with a relaxation time given by
where the attempt time τ o ∼ 10 −9 -10 −11 s, and when an external magnetic field H is applied, E = KV (1 − h) 2 , where K is the effective magnetic anisotropic constant of NPs, V is the volume of cobalt NPs, h = H /H K is the reduced field, and H K is the effective anisotropy field [159] . In the ZFC/FC measurement, the applied external field is usually very small, H H K and h ∼ 0; as a result, the Néel relaxation time given in equation (5.1.1) can be simplified as
On the other hand, the magnetization reversal can also be accomplished by physically rotating the cobalt MNPs with the magnetization direction fixed along an easy axis. This mechanism is called Brownian relaxation [159, 161] , with the relaxation time given by
where V H is the hydrodynamic volume of cobalt MNPs including the physical size of the cobalt core and the coating of surfactants, η is the dynamic viscosity of the carrier fluid. The two relaxation mechanisms of cobalt MNPs in a fluid are schematically shown and compared in figure 13 (a). When both Néel and Brownian relaxation are present, the relaxation mechanism with the shorter relaxation time dominates [143] . Due to the exponential increase of Néel relaxation time and the linear increase of Brownian relaxation time with size of cobalt NPs at the same temperature, Néel relaxation dominates the magnetization reversal for small cobalt NPs, and τ = τ N ; whilst Brownian relaxation dominates for large cobalt NPs, and τ = τ B [143] . At the crossover of the two relaxation mechanisms, the overall relaxation time τ of cobalt NPs can be calculated by [159] 1
For spherical cobalt MNPs in toluene, τ o ∼ 10 −9 s, K ∼ 2.7×10 6 erg cm −3 (in [162] ), η ∼ 0.59×10 3 Pa s −1 , and assuming a functional group of size ∼2 nm, the Néel, Brownian and overall relaxation time are plotted as a function of the radius of the cobalt core from 3 to 5 nm at room temperature in figure 13(b) with logarithmic scale for relaxation time. As expected, the Néel relaxation time is very sensitive to the size of cobalt NPs, while the Brownian relaxation time, in contrast, is relatively insensitive to the size, leading to a crossover of these two relaxation mechanisms for r ∼ 4-4.5 nm. For cobalt NPs with size, r < 4 nm, Néel relaxation dominates and the overall relaxation spans a large spectrum of frequency; for size r > 4 nm, Brownian relaxation gradually becomes dominant due to the difficulty of reversing the magnetization direction over magnetic anisotropic energy barriers (magnetization directions quenched along an easy axis), and the overall relaxation time becomes relatively insensitive to the size of cobalt NPs.
Further, as cobalt FFs are cooled down to ∼0 K, the carrier fluid will be completely frozen. In these completely frozen cobalt FFs, cobalt MNPs are randomly distributed in a solid matrix and are spatially fixed with no freedom in both translational and rotational diffusion. Such a completely frozen cobalt FF behaves like a traditional MNC, whose matrix is usually solid at room temperature [163] . In a completely frozen FF, cobalt NPs can only reverse their magnetization directions by Néel relaxation, and no Brownian relaxation is allowed due to spatial confinement. However, as temperature increases, at a critical point below T M of the carrier fluid, the solid matrix will begin to melt starting from the interface between cobalt NPs and the frozen matrix. This premelting phenomenon at the interface is an intrinsic property for the incoherent interface or a free surface [164] . Further, premelting phenomenon is a continuous process [165] , starting at a temperature below T M [166] . As a result, the first order melting transition observed in the macroscopic scale may be a second order phase transition at the nanoscale.
Based on the discussion above, there are three distinct relaxation phases/stages as temperature increases from 10 K to room temperature, as schematically shown in figure 13(c) . At temperature below the starting point of premelting, T PM , namely T < T PM , of stage I, cobalt FFs are completely frozen figure 14(a) , which is consistent with the TEM observation of ∼9 nm cobalt NPs [167] in the inset. The downturn in the FC curve, as temperature decreases, indicates the presence of interparticle interactions [150] . When cobalt NPs are dissolved in an organic solvent with concentration of 20 mg mL −1 , the average interparticle separation will increase, leading to a corresponding reduction of interparticle interactions. Consequently, T B of the dissolved cobalt NPs will shift to a lower temperature, as indicated in the ZFC curve in figure 14 (b) at T B ∼ 210 K [168] . In this experiment, three different organic solvents are chosen such that for a given size and concentration of cobalt NPs their melting points, T M , are T M > T B for o-xylene ( figure 14(b) ), T M ∼ T B for chloroform ( figure 14(c) ) and T M < T B for toluene ( figure 14(d) ). These temperatures are summarized in table 2.
The broad peak at T B ∼ 210 K in the ZFC curve of cobalt NPs in o-xylene, as shown in figure 14(b) , corresponds to the second order blocked-unblocked superparamagnetic transitions. In addition, another sharp peak also appears in the ZFC curve as temperature approaches the bulk melting point of o-xylene at T M = 248 K. For this sharp peak, the dramatic increase in the magnetization in the ZFC curve starts from ∼243 K, which is below T M of o-xylene and is due to the premelting at the cobalt/o-xylene interface, as shown in figure 13(c) . After o-xylene is completely melted above T M = 248, the ZFC magnetization of the cobalt FF in o-xylene drops rapidly, which corresponds to the transformation from stage II (premelting) to stage III (completely melting). When cobalt NPs were dissolved in chloroform (T M ∼ T B ), the two peaks in the ZFC curves, corresponding to blocking and melting transitions, are superimposed on each other to yield a sharp peak of much greater intensity, followed by a rapid drop after chloroform is completely melted, as shown in figure 14(c) . Finally, when cobalt NPs are dissolved in toluene (T M < T B ), the two peaks of blocking and melting are separated again; however, the peak of melting is observed at lower temperature with considerably reduced intensity during melting, followed by a rapid drop of magnetization after complete melting of toluene at T M = 180 K. After that, the ZFC magnetization slowly increases until it reaches its blocking temperature at T B = 210 K in the liquid phase. It should be pointed out that the dramatic increase in ZFC magnetization starts below the melting point for all the carrier fluids. By comparing the ZFC curve of cobalt FFs in o-xylene (T M > T B ), chloroform (T M ∼ T B ) and toluene (T M < T B ), it can be concluded that the intensity of the sharp peak during melting is strongest when melting and blocking transitions are superimposed. On the other hand, the intensities of the sharp peak during melting are considerably reduced if the melting and blocking transitions are well separated. To verify the latter, FF containing cobalt NPs with smaller sizes in o-xylene was prepared so that the blocking (T B ∼ 100 K) and melting (T M = 248 K) are well separated, as shown in figure 14(f ). As expected, the intensity of the sharp peak during melting is significantly reduced and can only be clearly observed after being magnified as shown in the inset. Schematic ZFC curves, considering the Néel relaxation with the Brownian relaxation superimposed for different fluids with varying T M , are summarized in figure 14(e) . Note that the enhancement of the FC magnetization of cobalt FFs, compared with the cobalt NPs in powder form, as shown in figure 14(b)-(d) , is due to the additional possibility of Brownian relaxation of cobalt NPs in the FF under an external magnetic field during cooling.
Coupling effects in Cobalt FFs: M-spectrum theory.
M spectrum [150] , defined by the integrand in M(t) = M spec (t, V ) dV for particles of volume V at time, can be used to interpret the coupling effect observed in cobalt FFs. M-spectrum can be simply calculated by the product of particle volume distribution function, f (V ), and the magnetization of a single particle of volume, V , at time t, M(t, V ), namely M spec (t, V ) = M(t, V )f (V ). The magnetization of the sample at any time, t, can be calculated by integrating the M-spectrum with respect to the volume of particles (or the area enclosed by the M-spectrum curve). At each specific temperature of a ZFC measurement, the corresponding M-spectrum can be divided into two segments by a critical volume, V B , indicated by arrows in figure 15 (a). For particle 
with volume V < V B , the intensity of the ZFC M-spectrum increases as the volume of particles increases, and these particles contribute to the magnetization of the samples. However, for particles with volume V > V B , the intensity of the ZFC M-spectrum will rapidly drop to zero, and these particles do not contribute to the magnetization of the samples due to their randomly blocked state. However, as temperature increases, the critical volume, V B , defining the cutoff of the ZFC curve, will move to larger values because larger particles will be unblocked at higher temperature, as shown in figure 15(b) . Further, the intensity of the ZFC M-spectrum will continuously reduce as temperature increases due to enhanced thermal agitation. As a result, the area enclosed by the ZFC M-spectrum will be largest at an optimized temperature to maximize the magnetization of the ZFC curve at T B . In addition, the ZFC and FC M-spectra are superposed on each other for V < V B ; while for V > V B , the intensity of the FC M-spectrum is still nonzero with continuously reduced intensity as temperature increases. It is worth mentioning that only Néel relaxation of cobalt MNPs has been considered in the calculation of the ZFC M-spectrum in figure 15(a) and (b) . However, at stage II (premelting), in figure 13(c) , a liquid layer is present at the interface between cobalt NPs and the frozen matrix, giving additional possibility to relax the magnetization directions of cobalt MNPs by physically rotating the whole particle (Brownian relaxation). During Brownian relaxation, the ; all simulation is performed by assuming a particle size ∼5 nm with a log normal size distribution and a standard deviation of 1 nm for 10 18 particles; and (c) the schematic M-spectrum of ZFC and FC magnetization of cobalt NPs before (solid line) and after (dashed line) premelting. Due to premelting, the intensity of M-spectrum of both ZFC and FC will be enhanced due to alignment of easy axis of cobalt NPs by Brownian relaxation under an external magnetic field. magnetization directions of cobalt MNPs will be fixed along its easy axes; but by physical rotation, it allows cobalt MNPs to align their easy axes/magnetization directions along the direction of the external magnetic field. As a result, for the calculation of ZFC and FC M-spectra during stage II (premelting), additional contributions from the alignment of the easy axes along the external field have to be considered, which gives higher intensity in ZFC and FC M-spectra, as shown by the dashed lines in figure 15(c) . However, small particles do not favour Brownian relaxation due to lowenergy barrier for Néel relaxation; thus giving overall a small enhancement of the intensity in ZFC M-spectrum.
The area enclosed by the solid line (without Brownian relaxation) and the dashed line (with Brownian relaxation) in the ZFC M-spectrum is equal to the intensity of the sharp peak during melting observed in figure 14(b)-(d) . For cobalt NPs in toluene, (T M < T B ), V B is small, namely most cobalt NPs are still blocked during melting of toluene; further, the Brownian relaxation for the unblocked particles with volume V < V B is trivial. As a result, the area enclosed by the two ZFC M-spectra is small, as shown in figure 15(c) , giving a sharp peak with reduced intensity, observed in figure 14(d) . For cobalt NPs in chloroform (T M ∼ T B ), V B moves to higher value, and larger particles are unblocked during melting of chloroform. In addition, the enhancement of M-spectrum intensity of these newly unblocked particles will be much stronger than smaller particles. As a result, the area enclosed by the two ZFC M-spectra is significantly enhanced to give a sharp peak with strongest intensity, observed in figure 14(c) . Finally, for cobalt NPs in o-xylene (T M > T B ), V B moves to even higher value, and most particles are unblocked during melting of o-xylene, giving possibilities to obtain a sharp peak of greater intensity. However, at the same time, the intensity of the two ZFC M-spectra will both be reduced due to thermal agitation at higher temperature to offset the enhancement of V B . As a result, the enclosed area of the two ZFC M-spectra will be reduced to give a sharp peak of reduced intensity, compared with cobalt NPs in chloroform (T M ∼ T B ), observed in figure 14(b) .
Magnetic phase transformation in cobalt FF.
During the ZFC measurement of cobalt FFs, two distinctive phase transformations can be observed as the temperature is increased from 10 to 300 K, namely a second order magnetic phase transformation (blocking) and a first order structural phase transformation (melting) indicated by a broad peak and a sharp peak in the ZFC curve, respectively [168] . M-spectrum theory confirms that the strongest sharp peak can be obtained during melting by coupling the blocking and melting transitions [168] . To investigate the first order structural transformation at T M , M(H ) curves of cobalt NPs in o-xylene were measured at various temperatures in the vicinity of T B as shown in figure 16 (a). Below and above T M (=248 K) of o-xylene, M(H ) curves change continuously with respect to the measurement at adjacent temperatures. However, by comparing the M(H ) curves of cobalt FF before and after melting at T = T M , a jump in saturation magnetization on the M(H ) curves can be clearly observed in figure 16(a) . Since the magnetization is a representation of magnetic order in magnetic materials [169] , the sudden change of magnetic order at T M indicates that a first order magnetic phase transformation occurs at T M of o-xylene. To explicitly illustrate this first order magnetic phase transformation, magnetization of cobalt FF was measured as a function of temperature under an external magnetic field of 500 Oe as shown in figure 16(b) . As cobalt FF was warmed up from low temperatures, the change in magnetization is continuous till it reaches T M = 248 K, at which a sudden jump of magnetization was observed. Based upon the observation of M(H ) curves and M(T ) curves, it is proposed that the first order structural phase transition at T M is also a first order magnetic phase transformation. Further, when it goes across the melting temperature of the carrier fluid, phase II (premelting) will transform to phase III (completely melting) suddenly. As a result, this first order magnetic phase transformation corresponds to the transitions between phase II and phase III. In addition, when it goes across T B from high temperature, solidification of carrier fluid will not occur until it is well below the bulk melting temperature. This supercooling effect [170] results in the shift of this first order magnetic phase transformation to occur at T ∼ 210 K as cobalt FF is cooled from high temperature, as shown in figure 16(b) . The first order magnetic phase transformation and the associated supercooling effect lead to the thermal hysteresis loops in the ZF curves during warming and cooling, as shown in figure 16(b) . In addition, the continuous (second order) premelting transition is also observed and indicated by the continuous and sharp peak in the ZFC curve.
In summary, three phase transformations can be observed in cobalt FFs as temperature increases from 10 to 300 K, namely a second order magnetic phase transformation (blocked-unblocked transition) at T B , a first order magnetic and structural phase transformation (phase II-to-phase III transition) at T M , and a second order premelting transformation at T PM < T < T M . It has been demonstrated that a giant magnetic entropy change can be obtained by coupling a first and a second order magnetic phase transformation to yield a large magnetocaloric effect [171] . As a result, coupling of blocking and melting, by choosing appropriate conditions, in cobalt FFs might be of interest to the magnetocaloric effect for making cheap and efficient magnetic refrigerators [172] .
Conclusions
Three model systems of cobalt-based magnetic nanocomposites are discussed in this review. First, Au core -Co shell nanoparticles were synthesized by heterogeneous nucleation in organic solvent. As-synthesized Au core -Co shell nanoparticles are not thermally stable due to unreleased energy of the grain boundary in cobalt shell, at the Au/Co interface and in the strained lattice of cobalt and gold. In an ex situ heating experiment, the as-synthesized and thermally metastable Au core -Co shell nanoparticles were shown to transform to peanut morphologies in a series of steps to sequentially minimize the energy in grain boundary of cobalt shell, Au/Co interface and strain during heating. Second, Co/P3HT hybrid nanocomposites were fabricated by drop casting the co-solution of cobalt nanoparticles and P3HT and their morphology was investigated by STEM. The cobalt nanoparticles were shown to cluster in the amorphous region of P3HT and are interspersed by the crystalline laminar region of P3HT. Further, the electron transport in the Co/P3HT hybrid film is via fluctuation-induced tunnelling between the clustered cobalt nanoparticles via the crystalline region of P3HT. The resistivity of the Co/P3HT hybrid film decreases when an external magnetic field is applied, and yields a magnetoresistance ratio of ∼3% at 10 K. The MR ratio of Co/P3HT nanocomposite decreases with increasing temperature to a trivial value at 200 K and disappears completely at room temperature. Finally, ferrofluids of cobalt nanoparticles dispersed in different solvents were prepared. In the ZFC measurement of these cobalt ferrofluids, a broad peak at T B and a sharp peak at T M are observed. The broad peak at T B corresponds to a second order magnetic phase transformation, namely blocked-to-unblocked transition; while the sharp peak at T M corresponds to a first order magnetic (structural as well) transformation. The sharp peak associated with the freezing and melting of the solvent is observed to be strongest when the blocking and melting transitions are coupled due to the reactivated Brownian relaxation at the premelting stage. In addition, the sharp enhancement during melting is explained by the reorientation of easy axes to the external magnetic field in the premelted liquid container.
In these studies, the unique properties of the magnetic nanocomposites are often dictated by the interplay between the constituent components. For example, the minimization of the free energy in an Au core -Co shell nanoparticle is all strongly dependent on the atomic arrangements at the Au/Co interface and their morphologies. Another example is the premelting at the interface between carrier fluid and cobalt NPs in the cobalt ferrofluids, which give rise to a sharp peak in the ZFC curve and induces a first order magnetic phase transformation during the premelting of the organic solvent. Such 'interplay effects' will continue to be significant in the behaviour of magnetic nanocomposites and further advances in the field can only be made by developing an efficient way for their synthesis, probing their fundamental physical behaviour and exploring possible related applications.
